Kibble-Zurek dynamics, hydrodynamics
and turbulent cascade
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® Motivation: off-equilibrium evolution near the critical
point.

® Kibble-Zurek dynamics and search for QCD critical point.

(S. Mukherjee, R. Venugopalan and
YY, PRL, Editors’ suggestion, 16°)

® Generalization to Critical Hydrodynamics.

(D. Teaney, F. Yan, Y. Akamatsu,
YY, in progress)

® QOutlook: connection to turbulent cascade



Quérk-Gluon Plasma

Temperatura (MeV)

® Beam energy scan program:“‘quench” across QCD phase

diagram. (V5,b) wl (pg(r), T(T))

¢ Key question: what do we expect to see
experimentally?

® [n a broad context: off-equilibrium evolution near a
critical system.



The manifestation of criticality

® Correlation length & of the critical mode O grows.

® Fluctuations: sensitive to the growth of E. Kn ~ <(60)" >
.eq 2 .eq -9 /2 .eq 7
hQ o feq by écq Ky ™ gcq

3d Ising model  aw=p QCD critical point

(Berges, Rajagopal, 98)

Magnetization A mixture of baryon density ng
(critical mode) O : < energy density € and chira
condensate.

Observables: ((dNB)") ~ Ky, ~ (7))

® Non-Gaussian fluctuations: universal pattern in sign.



® Critical mode is off-equilibrium !

A

Sid z~3

(Son, Stephanov, 2008)

T ™

e Off-equil. Gaussian cumulants : Berdinkov-Rajagopal, 99’

® Off-equil. Gaussian and non-Gaussian cumulants.
(S. Mukherjee, R. Venugopalan and YY, 15°)

(see M. Nahrgang, QM 15’ proceedings)



Equilibrium non-equilibrium
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(S. Mukherjee, R. Venugopalan and YY, PRC, 2015)

® Non-equilibrium evolution can be qualitatively different
from the naive equilibrium expectations.

Equilibrium=Forgetting; Off-equil.=Memory .
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Memory implies complexity! Rz D8] L.
® Evolution depends on many non-
universal inputs: 0.20f
~ 0.18
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® mapping, location of critical point, 2o

width of critical regime. i | ﬁ
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® Trajectories in phase diagram u(GeV)
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® The non-equilibrium cumulants look |

complicated. EY R




® |s universality lost in complexity ?

® |[s there a simple way to understand what has been
“memorized™!

® Answers to those questions are connected by:

Kibble-Zurek dynamics



Topological defects in cosmological phase transitions. (T.W.
Kibble, Physics Reports 67, 183 (1980) )

Generalized to vortex generation in superfluids. (W. H. Zurek,

“Cosmological experiments in superfluid helium?”, Nature 317,
505 (1985) )



The Kihble-Zurek Problem: Universality and the Scaling Limit
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® Critical slowing down: relaxation time grows and becomes
shorter than the expansion (“‘quench”) time.

® The correlation length is frozen at the value when:
Quench (expansion) time = Relaxation time

® Kibble-Zurek dynamics:
lkz = &eq(Tkz)  Magnitude (1980s).

TKZ Time evolution (201 0s).
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An illustrative example: non-equilibrium evolution of
correlation length (Berdnikov-Rajagopal model revisited).

® Rescale Gaussian cumulants by (i)

® Scaling with length is not enough!

® A step forward: rescale time by Tkz !

12



Voo Cor Hide, Bia Voo Cor7 20"

N N 5 0

T-T /T € i
(T-Te)/Tkz you can hide but you can not

b3

run.
® Off-equilibrium scaling function !

k(73 T) ~ Ign(T) fo (1/7k(T))
T (I" : non-universal inputs)

Universal

New physics in an old paper!

|3



Difficulties when applied to heavy-ion collisions:

® Extending scaling hypothesis for non-Gaussian
cumulants. v/

® Applying non-equilibrium scaling for trajectories
away from the critical point. V/

S. Mukherjee, R. Venugopalan and YY, PRL,
Editors’ suggestion, 16’

| 4
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® Ask the key question “what do o
we expect to see” in a simplified '
set-up.

® Selecting evolutions with same

Okz.

® Expectation: rescaled evolutions
are independent of trajectories.

K4(T)/k4(TT)

-U.5 v us LU 1>
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fs(t/Tkz)

‘4: equilibrium KZ sling j equilibrium
F T | 5 10
T/TKzZ
® Universality regained ! S. Mukherjee, R. Venugopalan and

YY, PRL, Editors’ suggestion, 16’

® Search for KZ scaling in experiment data:

(Chun Shen, S. Mukherjee, B. Schenke,
R. Venugopalan and YY, in progress)

|6



So far:

Relaxation rate does not depend on the wave
number (gradient).

Next:

KZ-dynamics with non-trivial moment-dependence.

17



Momentum-dependence manifests the criticality !
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For conserved critical mode, its relaxation time has to be
matched to hydrodynamics.

g< &, T(g~Dg,

g€, Tilg) e,
¢g>¢t,  T(g) ~¢,



The simplest critical hydrodynamics

(D. Teaney, F. Yan, Y. Akamatsu, YY, In

progress)
® Stochastic equation for ng.

O-np(1,q) = —I'(q) np(7,q) + noise
» 07 Cnn(7,q) = —2T'(q) [Chn(T,q) — x(q) ]

® System quenches through the critical point (no back-
reaction, i.e. Model B)
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® No KZ dynamics for q<q".
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(See Yukinao’s talk)
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Scaling solution for g>g
(D. Teaney, F. Yan, Y. Akamatsu, YY, in progress)

Cnn (Ta q ) ~ | %{ Z é’l’l-’ll- (f_ ; q) :

| 1<0: -1=3,2,1,0.1

t=71/Tx2,

\150: +1=3,2,1,01 ——
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Summary and outlook

off-equil. KZ scaling equil.

- P —f— ' o

i i i q
q* 1/IKZ I_1mfp

® We have applied KZ dynamics to study QCD critical point.

® Generalization to Critical Hydrodynamics is under way.

® Rich pattern induced by momentum-dependence.

23
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off-equil. ' KZscaling equil.
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Energy cascade
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Energy injection Viscous dissipation

Kolmogorov scaling regime

® |nh analogy to the turbulent cascade.

24



t™a(k,b)

» Jet quenching and energy loss of high energy probes
» Heavy quark transports and heavy quarkonia

» Electromagnetic probes and chiral magnetic effect

» Thermalization and turbulence

» QCD critical point

o2 1 Cerupancy Ny, !
iR ft;yﬁ SU(2) Lafticc @ | il
1 Ly %, e,
* layt=200 7 Z s o, 2 2
T e o By 2
+ g t=250 / g al’ “ae) bo,%”i% 43 o
¢ kyt=300 7 g RN A 45 >
74 s %, & 15 =
.1 4 3 ”’c",_ Im b !
/ § Sihg, o
7 n /%' -2
// C gy,
[ = . £ E=R
/ £ NS i =) —4  equilibrium KZ scaling | equilibrium
ool / s ~ E | : ‘
24 ] 3 8, b 12 5 0 5 10
BCLMY (const arizorcpy) ,
tpk ‘ P Ay R T/TKL

Seraller vcus xercy =14 ng=t

(S. Mukherjee, R.

(Y. Hirono, D. Kharzeev (J. Berges, K. Boguslavski Venugopalan and YY,
andYY, PRD, 15°) and S. Schlichting, R. PRL, Editors’
Venugopalan PRD, 14°) suggestion, 16’)

Off-equilibrium scaling and self-similarity: an ubiquitous theme.
Any unified theory for off-equilibrium dynamics?
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Back-up slides
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® Non-Gaussian cumulants depends x
on &€ and O. -

w5 ~ £, % £3(0)

n "7 Seq

® Additional non-equilibrium scaling variable:
(“memory of sign”): Bkz= 6(Tkz)

® Generalized scaling hypothesis:

(T=T)/AT

Kn(T;[) ~ (Ikz([))* fn (T/Tkz ; B(Tk2))
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